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ABSTRACT 
 The purpose of this experiment was to examine how changes in pH would affect the 
symbiotic and free-living V. fischeri in growth and bioluminescence.  We also wished to assess 
how geographic location and host organism related to patterns of growth and bioluminescence 
along a pH gradient. To do so, seventeen strains of V. fischeri ecotypes were obtained from 
diverse host organisms and geographic locations. These strains were then growth on a pH 
gradient ranging from 4.8 to 10.8. Our results showed that V. fischeri was able to grow on a 
very wide range, with species growing from pH 5.0 to 10.6. We also found that the optimal 
growth was achieved at a pH lower than that of actual seawater, approximately at pH 7.4, for 
all examined strains. Additionally, we found that patterns of growth, especially growth range, 
correlated more strongly to geographic region than host. Additionally, we found that measures 
of bioluminescence per cell related more strongly to living phase or organism from which the 
strains were obtained, in contrast to the results of growth. Overall, we found that slight 
changes in pH in all strains drastically affected growth.  
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INTRODUCTION 
The bacterial family Vibrionaceae is a large and diverse family of microorganisms, 
encompassing species living in vastly different aquatic habitats, with the two biggest genera 
being Vibrio and Photobacterium (Soto et al. 2010).  This bacterial family is also known to 
engage extensively in host-microbe interactions with eukaryotic organisms, including as 
commensals, pathogens, and mutualists.  While certain members of the Vibrionaceae family are 
detrimental to human health, recently several species have been investigated for the 
development of probiotics, antimicrobials, and pharmaceutical drugs with potential clinical and 
economic applications in veterinary medicine, animal husbandry, aquaculture, and human 
health. These various factors, among others, make this bacterial family an interest for many 
researchers (Soto et al. 2014). 
Vibrio fischeri, a member of the family Vibrionaceae, is a unique organism for study. This 
is partly due to its ability to form bioluminescent symbiotic relationships with certain squid and 
fish species, providing a good system for study of mutualistic behaviors. The life cycle of Vibrio 
fischeri commonly alternates between a host-associated phase and a free-living one, allowing it 
to be culturable in the lab as well. In addition to the different life-history phases and mutualistic 
behaviors exhibited by V. fischeri, it also allows us to study patterns of bioluminescence, making 
it a unique species for study (Soto et al. 2012).  While V. fischeri itself is not a human pathogen, 
it can be used as a safer model for studying some of the many pathogens affecting humans, as 
they have similar metabolic processes and habitats. Specifically, investigation of V. fischeri can 
help us further understand Photobacterium damselae and Vibrio cholerae, the causative agents 
of a common fish disease and cholera, respectively (Rivas et al. 2013). 
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The aims of this specific project are to further investigate Vibrionaceae, primarily in 
respect to current knowledge of environmental stress.  Previous research has revealed 
interesting patterns of growth on a salinity gradient when comparing different strains of Vibrio 
fischeri from squid, fish, and free-living environments that have sympatric and allopatric 
geographic species distributions (Soto et al. 2009). We hypothesized that strains of V. fischeri 
obtained from the same host species would follow very similar patterns of growth and 
luminescence. Additionally, we hypothesize that small changes in pH will have large effects on 
strain growth and luminescence. In order to investigate these hypotheses, eighteen strains of 
the V. fischeri ecotypes obtained from different environments were grown over a wide pH 
range. The V. fischeri ecotypes come from strains that were acquired from diverse niches, 
namely as obligately free-living (i.e., symbiotically incompetent and unable to colonize a fish or 
squid host), fish symbionts (procured from Monocentris and Cleidopus), squid host-generalist 
symbionts (isolated from Sepiola squid), and squid-host specialist symbionts (isolated from 
Euprymna squid) (Soto et a. 2009).  
This research allows us to closely investigate tolerance to changing environmental 
conditions in a short time span under controlled conditions. This allows us to determine which 
strains of V. fischeri are best able to survive changing environmental conditions and how these 
differential growing abilities relate to current living conditions.  We are able to observe the 
differences in adaptation ability between free-living and host phases of the bacteria as well as 
comparing species from different environments. We are also able to set upper and lower limits 
for growth on a pH gradient, allowing us to assess the amount of pH stress these bacterial 
species can tolerate. This further allows us to observe possible effects that changes in 
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environment would have on the natural diversity. This data serves as a proxy for some of the 
environmental changes we may experience in our current climate, such as ocean acidification 
and warming due to increased CO2 levels. Investigation of this process allows us to make further 
predictions on the effects of climate change on the bacterial species distribution, as well as 
predictions on how this differential distribution will affect higher order organisms such as the 
squid and fish species that form symbiotic relationships with V. fischeri (Soto et al. 2009).  
 
 
REVIEW OF RELAVENT LITERATURE 
The mutualistic relationships between V. fischeri and its various squid hosts have 
become a model system for studying mutualistic behaviors. As the V. fischeri-squid symbiosis is 
highly specific, with the squid only being colonized by certain strains of V fischeri, this 
relationship can serve as a model for the establishment, development, and maintenance of a 
mutualistic bacterial infection on an epithelial surface (Verma and Miyashiro, 2013). Following 
from this, the mutualistic squid-vibrio relationship can serve as a model for the human-gut 
microbiome, allowing us to further investigate the mechanisms that control bacterial infection 
(Verma and Miyashiro 2013). Recent research on the V. fischeri-squid symbiosis, as well as the 
Vibrionaceae by themselves, has spanned across various topics such as stress tolerance, 
evolutionary competition, quorum sensing, and geographic distribution. The discussion and 
understanding of several of these topics is essential to the importance of this experiment.  
Research on stress response in the Vibrionacae, as well as several other families of 
bacteria, has yielded numerous findings. Stress is generally defined as, “any biotic or abiotic 
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factors that fluctuate, and thus require organisms to adapt to them physiologically in order to 
survive,” (Soto et al. 2010). Many studies have been performed to examine stress in the 
Vibrionaceae, especially in regard to temperature, pH, nutritional content, oxidative stress, and 
osmotic stress (Soto et. al 2010). In response to temperature stress, members of the 
Vibrionaceae family have been shown to exhibit increased virulence and pathogenicity 
(Rosenberg 2007). Additionally, certain members of the Vibrionacaea have also been shown to 
respond to temperature stress by producing specific heat-shock factors at high temperatures 
and regulating membrane composition to maintain fluidity in low temperatures (Soto et al. 
2010). In response to pH stress, the main focus of this project, certain members of the 
Vibrionaceae, such as V. vulnificus have been shown to upregulate the production of certain 
proteins and enzymes capable of neutralizing an acidic immediate environment, as well as 
combating the superoxide radicals generated from this neutralization (Kim 2006). Investigation 
of nutritional stress has also revealed interesting growth characteristics in these organisms. 
During host-associated phases, they experience conditions of higher nutritional concentration. 
Examination of growth during conditions of higher nutritional concentration has logically shown 
a faster replication rate. Additionally, strains able to replicate most quickly under adequate 
nutritional conditions dominate other slower replicating strains in evolutionary competition 
studies. (Soto et al. 2010). While in their free-living phase, the Vibrionaceae are most often in a 
state of nutritional stress, due to the low carbon concentration of the oceanic column. Research 
on V. vulnificus has revealed a specific sigma factor that is potentially key in survival during 
conditions of low nutrition, with knockouts for this factor having significantly lower survival 
rates in low nutrition environments (Hulsmann et al. 2003). This factor has also been implicated 
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in survival of osmotic and oxidative stress conditions, with the specific mechanisms still 
unknown (Hulsmann et al. 2003).  While many experiments have uncovered that the 
Vibrionaceae have many complex mechanisms for surviving conditions of stress, many of the 
exact mechanisms of regulation of these processes remain a mystery.  
In addition to the aforementioned research on stress tolerance, previous experiments 
on temperature and salinity as controlling factors of V. fischeri growth have been conducted, 
spurring this research in order to further investigate these patterns (Soto et al 2006). With 
methods similar to this experiment, strains of V. fischeri obtained from different habitats were 
grown over a salinity gradient ranging from 0.0%-9.0% NaCl, with the average salinity of the 
ocean being 3.5% NaCl. In this experiment, strains of V. fischeri obtained from Sepiola squid 
hosts, the squid-host generalist symbionts, displayed a much more uniform pattern of growth. 
This was when compared to fish associated, free living, and Euprymna associated species (Soto 
et al. 2008). This research also showed several of the Euprymna or squid-host specialist strains 
to have a decreased ability to grow at lower salinities. Further, with free living and fish 
symbiont species showing the highest capacity for growth at high salinity concentrations (Soto 
et al. 2009).  
Examination of growth rates at varying temperatures in this experiment also revealed 
patterns of significant variation (Soto et al. 2009). While relatively few strains were examined in 
this portion of the experiment, significant variation was observed in generation times of all 
strains at extreme temperatures. The exact amount generation times varied in amount with 
each strain. Specifically, strains obtained from Japan and Australia had significantly faster 
generation times when compared to strains isolated from Hawaii. These results correlate with 
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the native environment of the strains, as water temperatures in Japan and Australia experience 
much more seasonal variability than those of Hawaii (Soto et al. 2009). These results were also 
observed when strains from different environments were grown in competitive cultures at 
varying temperatures. Data from this experiment suggests that slight changes in interaction of 
abiotic factors, such as temperature and salinity, can have significant results on the growth of 
these organisms (Soto et al. 2009).  
While other abiotic factors, such as temperature and salinity as previously discussed, 
have been researched, detailed examination of pH in relation to the growth of V. fischeri is a 
novel experiment. The examination of pH in our changing environment, however, has recently 
become a topic of intense study. Ocean acidification due to human activity has recently 
emerged as a topic of heavy debate and study (Schellnhuber et al. 2006). Industrialization led to 
a dramatic increase in the burning of fossil fuels, thus leading to vast increases in the amount of 
CO2 released into the atmosphere. As atmospheric CO2 levels have continued to rise, the ocean 
has acted as a sink for the mass amounts of this CO2, buffering the atmosphere in a sense and 
keeping CO2 levels fairly constant (Schellnhuber et al. 2006).  While this process has kept global 
temperatures from rising dramatically, it has created an oceanic climate highly saturated in 
CO2. When dissolved in seawater, CO2 undergoes a reaction to produce carbonic acid, resulting 
in a decrease in oceanic pH (Schellnhuber et al. 2006). We have already observed a  
decrease in seawater pH since industrialization, with estimates ranging from a decrease of 0.3-
0.8 (Schellnhuber et al. 2006). As we continue to release CO2 into the atmosphere, oceanic pH 
will continue to decrease, potentially having drastic effects on aquatic organisms (Schellnhuber 
et al. 2006).  
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 Many strains of Vibrio fischeri are ubiquitously distributed throughout aquatic 
environments, but their density in a specific region is greatly dependent on their symbiotic 
relationships (Lee, 1994). Evolutionary competition studies with different strains of V. fischeri 
have shown that strains native to a particular host are consistently able to outcompete foreign 
strains (Soto et al. 2012). Additionally, the abundance of strains is thought to be maintained by 
differing abilities to respond to abiotic factors in the free-living phase (Soto et al. 2012). These 
unique properties highlight the complex and specific mutualistic relationships between Vibrio 
fischeri and various squid and fish species. The ubiquitous and specific nature of V. fischeri 
provides an ideal system for the study of how pH change may affect certain symbiotic 
relationships.  
 Symbiotic relationships are extremely abundant in the oceanic environment, present in 
nearly all regions of the ocean. As ocean acidification affects aquatic organisms, it also 
threatens the breakdown of these essential symbiotic relationships. While many symbiotic 
relationships will be threatened by the continuing ocean acidification, organisms currently 
feeling these effects include foraminifera, jellyfish, and juvenile fish. Coral reefs, commonly 
regarded as the most essential oceanic ecosystem, are being drastically affected (Hoegh-
Guldberg et al. 2007). Containing the greatest concentration of biodiversity in the ocean, coral 
reefs are essential nurseries for the development and replenishment of aquatic species (Hoegh-
Guldberg et al. 2007). Not only are the corals essential for other organisms to prosper, they are 
also unique organisms themselves, resulting from the symbiotic relationship between 
dinoflagellates and a species of foraminifera, or coral polyps, (Stat et al. 2008).  The high CO2 
levels associated with ocean acidification cause a drastic decrease in productivity, and in some 
	Jones		
 10 
cases, even the dissolution in the calcium carbonate structures of coral reefs (Anthony et al. 
2008). Accompanying this halt, increased levels also cause the breakdown of the coral-
dinoflagellate symbiosis, with the dinoflagellates abandoning the host coral polyp in a process 
known as coral bleaching (Anthony et al. 2008).  Similarly, the symbiotic relationship between 
juvenile fish and jellyfish is negatively affected by ocean acidification, with juvenile fish 
spending less time under the protection of the jellyfish in the presence of higher CO2 levels 
(Nagelkirken et al. 2016). The breakdown of both of these symbioses ultimately results in lower 
survival rates of juvenile species, and thus breakdowns of the entire oceanic food web. Thus, 
investigation of the V. fischeri-squid symbiosis under changing pH conditions will allow us to 
further predict the effects of ocean acidification on oceanic symbiosis. 
 
 
MATERIALS AND METHODS 
Eighteen strains, all of the V. fischeri ecotypes, were grown over a wide pH range from 
pH 4.8-10.8. The V. fischeri ecotypes come from strains that were acquired from diverse niches, 
namely as obligately free-living (i.e., symbiotically incompetent and unable to colonize a fish or 
squid host), fish symbionts (procured from Monocentris and Cleidopus), squid host-generalist 
symbionts (isolated from Sepiola squid), and squid-host specialist symbionts (isolated from 
Euprymna squid). The specific origin locations of each strain are listed in Table 1 below.  
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Each strain was maintained on an SWT (Sea-Water Tryptone) and restreaked 
approximately every 5-7 days. Individual colonies from these plates will be used to inoculate 18 
x 150 mm test tubes containing 3 mL Luria Broth Salt (LBS) with a complex buffer substituted 
for the traditional Luria Broth Salt media.  LBS is typically used for the growth of species of the 
Vibrionaceae with added TRIS, a buffer commonly added media to correct pH in biological 
systems. The composition of this standard media is 10 grams of tryptone, 5 grams of yeast 
extract, 20 grams of sodium chloride, 6 ml of 50% glycerol, and 50 mL of 1M TRIS buffer per 
liter. The ideal buffering range of TRIS is approximately pH 6.3-9.5.  During initial stages of 
research, we discovered that Vibrio fischeri were capable of growing outside of this buffering 
range, thus the development of a novel media was necessary.  
Strain Host Location 
MDR7 Free-living USA (California, Marina del Rey) 
WH1 Free-living USA (Massachusetts, Woods Hole) 
CB37 Free-living Australia (Coogee Bay, New South Wales) 
ATCC 7744 Free-living American Type Culture Collection 
CG101 Cleidopus glomaris Australia (Townsville, Queensland) 
MJ101 Monocentris japonicus Japan (Tokyo Bay) 
MJ1  Monocentris japonicus Japan (Tokyo Bay) 
SAIG Sepiola affinis  France (Banyuls ser Mer) 
SI1D Sepiola intermedia France (Banyuls ser Mer) 
SL518 Sepiola lingulata France (Banyuls ser Mer) 
ET401 Euprymna tasmanica Australia (Townsville, Queensland) 
ET101 Euprymna tasmanica Australia (Melbourne, Victoria) 
ET00-3-20 Euprymna tasmanica Australia (Coogee Bay, New South Wales) 
ET00-7-1 Euprymna tasmanica Australia (Coogee Bay, New South Wales) 
EB12 Euprymna berryi Japan (Tosa Bay) 
ES114 Euprymna scolopes USA (Kaneohe Bay, Hawaii) 
EM17 Eumprymna morsei Japan (Tokyo Bay) 
Table 1: Strain, host type, and location of acquisition 
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For this complex buffer system, we selected five different buffers, all from the sulphonic 
acid family, which would cover the extended growth range and mimic the biological properties 
of the commonly used TRIS buffer. We selected MES, HEPES, EPPS, CHES, and CAPS, with ideal 
buffering ranges from pH 5.5-6.7, 6.8-8.2, 7.3-8.7, 8.6-10, and 9.7-11.1 respectively. Preliminary 
experiments with the complex buffer system showed good buffering capacity, no toxicity to 
species of the Vibrionaceae, and inability to be used as a carbon source for growth. The buffer 
also proved to show very little drift in pH at varying temperatures. Similarly, the buffer mixture 
showed little change in pH after 24 hours with bacterial growth, even at the low concentration 
used in this experiment. Thus, we determined that this buffer mixture was a good wide range 
buffer replacement for TRIS and used the buffer mixture as a substitute for TRIS at a 5mM 
concentration in the standard LBS media. This media will now be referred to as LBS Buffer 
Mixture or LBMBS.  
The previously described test tubes with LBS Buffer Mixture media at pH 7.5 served as 
starter cultures for the experiment. Starter cultures were then incubated at 28°C while shaking 
at 200 rpm for approximately 16-24 hours. This time span differed from strain to strain, as we 
found that certain strains grew more quickly than other in the starter culture. Thereafter, 30 µL 
of each overnight starter culture was used to inoculate test tubes containing 3 mL of fresh 
LBSBM liquid media. The subsequent cultures were then incubated at 28°C and shaken at 200 
rpm for approximately three hours. After three hours of growth, a spectrophotometer was used 
to measure optical density (OD600) of all cultures. Next, cultures were inoculated into test tubes 
containing 3 mL LBSBM with pH spanning from 4.8-10.8. All cultures will begin at the same 
initial cell density of 5 x 105 colony forming units per mL, (CFU)/mL), which were calculated 
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from the previously described optical density readings. pH concentrations were increased by 
increments of 0.2. Each strain was tested five-fold. Following inoculation, test tubes were then 
placed in a shaker for 24 hours at 28°C and 200 rpm. After this time period, Optical density 
(OD600) and luminosity readings of each culture were at each different pH point.  
 
 
DATA 
OD600 vs pH 
 Tables showing averages of raw optical density (OD600) versus pH for all of the strains 
tested are located in the Appendix Table 1. OD600 is related to the number of colony forming 
units per ml, with an OD of 1 correlating to approximately 5X108 CFU/ml for V. fischeri.  Strains 
are divided into charts based on the environment from which they were obtained (Euprymna 
associated, Sepiola associated, and free living/fish associated). Figures were first created and 
analyzed for each category of strain: Euprymna associated, Sepiola associated, and free-
living/fish associated. The following figure graphically shows the change in optical density 
(OD600) versus pH for the Euprymna associated strains. While the Euprymna associated strains 
do not follow uniform patterns of growth along the pH gradient, several interesting patterns 
can be viewed.  
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Figure 1: Euprymna Associated Strains OD600 
The total growth range of Euprymna associated strains is 4.6, when measured from first 
instance of growth to last of death. In regard to low-end pH, the strains showed a much faster 
increase in growth along the gradient, with strains jumping from zero growth to very significant 
growth in a .2 change in pH. Specifically, strains ET00-3-20 and ET00-7-1 went from zero growth 
to substantial growth, approximately 3.25X109 and 2.25X109 CFU/ml, with the transition from 
pH 5.8 to 6. Though not as drastic of a growth increase, strains EM17 and ET101 exhibited a 
similar pattern with the transition from pH 6.2 to 6.4. ET401 also exhibited this same jump in 
growth from pH 6.4 to 6.6. EB12 was the only Euprymna associated strain that did not show a 
large increase of at least 5 X 108 CFU/mL, corresponding to an OD600 of 1, at the first pH of 
growth. However, EB12 did exhibit this dramatic increase in growth, similar to that of all 
Euprymna associated strains, one pH point later. 
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Another pattern of note in the Euprymna associated species is the presence of a 
maximum growth peak. A significant peak in growth can be observed in all tested Euprymna 
strains between pH 7.2 and 7.4, a point below the average pH 8.1 of the ocean Additionally, 
strains ET00-3-20, ET00-7-1, ES114 and EB12 exhibited a nearly identical pattern of growth 
increase in the transition from pH 7.2 to 7.4, but at varied cell concentrations. The upper 
middle portion of the pH gradient shows the greatest uniformity among Euprymna associated 
strains. Specifically, strains EB12, EM17, ET101, and ET401 show nearly identical growth 
amounts at a steady level throughout this period, from approximately pH 8 to 9.4. Similarly, 
strains ET00-3-20 and ET00-7-1 show a nearly identical OD600 reading, with a gradual decline 
throughout this period. Strain ES114 exhibits the same pattern of gradual decline as ET00-3-20 
and ET00-7-1, but with a lower OD600 reading, and thus cell concentration, throughout.  
Investigation of upper end pH of Euprymna associated strains, as compared to lower 
end, shows much less variation among strains. The span of pH from the death of the earliest 
first strain was approximately 0.8. This span is exactly the same as that from earliest to latest 
first growth at the low pH range. However, in contrast to the low-end pH, strains seemed to 
follow a pattern of gradually decreasing growth, rather than the jump from no growth to 
substantial growth observed at the low pH points. Specifically, over the range of growth 
cessation at high pH, the largest difference in OD between strains was 2.89, correlating to a cell 
density of 1.45X109 CFU/ml. The highest growth within this range was exhibited by strain ET00-
3-20 at pH 10 where strains ET101 and EB12 had both ceased growth. The variation between 
strains at the low pH range when growth was beginning is approximately an OD of 6.42, relating 
to a cell density of 3.21X109 CFU/mL. Interestingly, the highest growing strain at the low pH was 
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also ET00-3-20, exhibiting this high level of growth before strain EB12 had begun growth.  
 
 
Figure 2: Sepiola Associated Strains OD600 
  
 The above figure graphically displays the change in OD600 vs pH for the Sepiola 
associated strains. The total growth range of Sepiola associated strains was 5.0. Sepiola 
associated strains also showed a much greater variation in cell concentration at the low-end pH 
than the high-end. The Sepiola associated strain SI1D exhibited growth at the lowest pH of all 
the tested strains. SI1D showed minimal but significant growth starting at pH 4.8, with 
approximately 1.5 X 107 CFU/ml. SI1D didn’t show substantial growth until approximately pH 
5.2, and remained at this relatively low cell concentration until experiencing a large jump in 
growth at pH 6. The Sepiola associated strains also showed the greatest range in beginning of 
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growth capability at the low pH, with a range of pH 1.8 from the lowest pH grower to the 
highest.  
 Similar to the patterns exhibited at low-end pH growth, Sepiola associated strains also 
showed a large variation in growth patterns at middle pH levels. While the mid-range growth of 
SI1D very closely resembled the dominant pattern of Euprymna associates species, with a peak 
in growth at pH 7.4, SL518 and SAIG showed slightly different patterns. While the approximate 
CFU/mL measurements of strains SL518 and SAIG were significantly below that of SI1D, they 
were well within the range of measurements exhibited in Euprymna associated species. Both 
SL518 and SAIG also showed heightened growth around pH 7.4, but their exact growth peak pH 
was slightly different, pHs 6.4 and 7.2, respectively.  
 Unlike the low and middle pH conditions, Sepiola associated strains showed strikingly 
similar patterns of growth at high-end pH points. Two of the strains, SL518 and SAIG show an 
almost identical pattern of steady growth with very similar cell concentrations, occurring from 
approximately pH 8.2 to 9.6. This pattern is very similar to that of the Euprymna associated 
strains at a similar pH. Strain SI1D also showed a fairly steady growth within this range, just at a 
much higher cell density, but still within the range of cell densities observed in the Euprymna 
associates strains. The high pH end points in the Sepiola associates strains also showed much 
more uniformity. The first strain to stop growing was SI1D at pH 9.8, followed closely by SL518 
and SAIG at pH 10.2. Thus, the upper end points for the Sepiola associated strains showed very 
little variability, with a range of only pH 0.4. These strains also all showed a pattern of slower 
decline at the upper pH endpoint, similar to that observed in the Euprymna associated strains.  
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 The figure below graphically displays the change in optical density OD600 with pH change 
of free-living and fish associated strains of V. fischeri. Strains MDR7, WH1, ATC7744, and CB37 
were obtained as free-living samples from various locations as described in Table 1. Strains 
MJ101 and MJ1 were obtain from the fish species Monocentris japonicus. Strain CG101 was 
obtained from the fish species Cleidopus glomaris. 
 
Figure 3: Fish-Associated and Free-Living Strains 
 
The total growth range of the fish-associated and free-living strain was approximately 
4.6, when measured from first occurrence of growth to last cessation. The free-living and fish 
associated strains showed the greatest range in beginning of growth on the low pH end. 
Specifically, strain CB37 achieved substantial growth at pH 5.8, while strain CG101 was unable 
to achieve substantial and lasting growth until pH 7.4. This is a range of approximately 1.6, the 
largest range of any of the groupings of strains. Strains were fairly spread out in their beginning 
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of growth at low end pH as well, with strains MJ1, MDR7, and ATC7744, and WHI achieving 
substantial growth at pH 6.4. Strain MJ101 didn’t achieve substantial growth until pH 7. Similar 
to other previously discussed strains, beginning of growth at the low-end pH was accompanied 
by a sharp increase in growth from one pH point to another. Specifically, strain CB37 exhibited 
an increase of approximately 3.3 X 109  CFU/ml from one pH to another. Other strains also 
exhibited a similar pattern of dramatic increase in growth ability, but none ever reached as high 
a cell density as CB37.  
 Similar to other strain groupings, a substantial number of free-living and fish associated 
strains experienced a maximum in growth at pH 7.4. Specifically, strains MJ101, MJ1, 
ATCC7744, and WH1. Strain CG101also experienced a maximum in CFU/ml at a similar point 
one pH point later, at pH 7.6. Strains CB37 and MDR7 both experienced a peak in growth at pH 
7.4; however, their maximum CFU/ml readings occurred at earlier pH points, 6.6 and 6.8, 
respectively.  
 High-end pH patterns in fish associated and free-living strains showed a similar gradual 
decline to Sepiola and Euprymna associated strains. The earliest high pH end point was reached 
at pH 9.8 by strains CG101, WHI, MJ1, and MJ101. Strains MDR7 and ATCC7744 reached their 
high pH end point at 10.2. CB37 had the highest end point, at pH 10.6. This yields an endpoint 
range of 0.8. Strains CG101, WH1, MJ101, MDR7, and ATCC7744 experienced a nearly identical 
growth at the higher pH points, with growth spanning between 10 X 108 CFU/ml and 1 X 108 
CFU/ml starting at pH 8.6 and continuing at a slow decline until they reached their respective 
high pH end points. Strains MJ1 and CB37 also exhibited this slow decline in growth with 
increasing pH, but at significantly higher cell densities. The fish associated strains, CG101, MJ1 
	Jones		
 20 
and MJ101 displayed the narrowest range of pH growth in this set of strains. Strains CG101 and 
MJ101 also displayed the two lowest overall cell growths of this grouping. While MJ1 did not 
show the third lowest overall cell growth, it displayed a more variable pattern than most 
strains, with higher peaks and dips in growth with slight changes in pH. Overall, the free-living 
strains displayed a wider range in pH growth than the fish-associated as well as higher overall 
growth. The free-living strain CB37 displayed the widest range of pH growth capabilities and the 
highest overall cell density of any strain examined, including when compared to Euprymna and 
Sepiola associated strains.  
 Further analysis of strains was conducted by separating geographically. Strains were 
obtained from several locations, including Japan, Australia, and France, and various locations in 
the United States. All Sepiola associated strain were obtained from France, so an additional 
graph was not required. Strains obtained from the United States were obtained from far 
separated geographic regions with different oceanic conditions, so a comparison between 
these strains would not be useful in examining geographic conditions. Strains obtained from 
Japan and Hawaii, however, allow us to examine how strains obtained from different hosts in a 
similar region responded to growth along a pH gradient.  
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Figure 4: Strains obtained from Japan, OD600 vs pH 
  
 To further investigate growth patterns, strains were divided into groups based on the 
geographic location from which they were obtained. The graph immediately above displays the 
growth in OD600 vs pH of strains obtained from waters surrounding Japan.  Two of these 
strains, EB12 and EM17 were obtained from Euprymna species, Euprymna berryi and Euprymna 
morsei, respectively. The other two strains, MJ1 and MJ101 were both obtained from the 
luminescent fish species, Monocentris japonicus. When viewing the above figure in comparison 
to previously discussed figures, we can see an obviously reduced growth range along the pH 
gradient. Specifically, the lowest pH of substantial growth in Japanese strains is pH 6.2, with all 
of the strains exhibiting growth by pH 6.6. Additionally, the highest pH of growth, exhibited by 
strain EM17, was 10.2. All other Japanese strains, however, ceased growth at pH 9.8. This 
results in a maximum growth range of 3.8, far below the range of the previously discussed 
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strain groupings. These strains also exhibited a fairly small range in beginning of growth at the 
low-end pH, with the first strains exhibiting substantial growth at pH 6.4 and the last at pH 6.8, 
a range of only 0.4. Additionally, these strains all exhibited a significant spike in growth at the 
low-end pH, with many strains going from no growth to maximum growth with the transition of 
one pH to another.  
 The Japanese strains also showed an unusual pattern at the middle pH points, with only 
one strain, EB12 attaining its maximum growth at pH 7.4. MJ1 also showed its highest level of 
growth at pH 7.4, but shared the exact same maximum reading of 3.18 X 109 CFU/ml for pH 7.6 
as well. The other two strains, EM17 and MJ101, attained their highest point of growth at much 
lower points,  pH 6.6 and 7, respectively. As seen with other groupings, strains followed a fairly 
uniform growth at the upper middle pH points. Specifically, strains EB12, MJ101 and EM17 had 
a fairly even and gradual decline in growth between pH points 7.8 and 9.4. MJ1 followed a 
similar but slightly more varied growth pattern at a much higher cell concentration.  
 The high-end pH data for the Japanese strains also reveals a significant pattern. While 
high end pH growth in most other strains was a gradual decline, Japanese strains followed a 
pattern of much more rapid decline. Specifically, three of the four Japanese strains, MJ1, EB12, 
and EM17, went from growth of a cell density above 1 X 109 CFU/ml to zero growth in the 
transition from one pH point to the next. The one strains that had a more gradual decline 
pattern was strain MJ101, which exhibited lower overall growth across the gradient. This 
reduced overall growth could perhaps have accounted for its more gradual high pH decline. 
Overall, the growth patterns for Japanese strains showed a greatly reduced growth range, with 
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more sudden growth changes at the high and low pH points. Additionally, a uniform peak in 
growth at pH 7.4 was not observed.   
 The other geographic location of interest was that of Australia. Five of the studied 
strains were obtained from various waters surrounding Australia. Of these strains, four were 
obtained from Euprymna tasmanica and one was obtained as free-living from the water 
column. The growth patterns of the Australian strains are displayed in the figure below. Overall, 
the Australian strains showed a very uniform and broad pattern of growth. The combined 
growth range of the Australian strains was 4.8, with several strains beginning to grow at pH 5.8 
and the last strain dying off at pH 10.6.  
  
 
Figure 5: Strains obtained from Australia, OD600 vs pH 
 Investigation of the low-end pH showed a very consistent pattern. All strains 
experienced fairly drastic jump in pH accompanying the transition to one pH to another. Three 
strains, CB27, ET00-3-20 and ET00-7-1 first achieved significant growth at pH 6.0 after having 
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minimal to no growth at pH 5.8. Additionally, these strains achieved a cell density of at least 
2.22 X 109 CFU/ml with this transition from pH 5.8 to 6.0. Strain ET101 achieved significant 
growth at pH 6.4, accompanied by a slightly smaller but also significant jump in growth. While 
ET101’s initial jump in growth was smaller than all other Australian strains, it also achieved its 
maximum growth on pH point later, at pH 6.6. It also exhibited the second lowest overall 
growth of Australian strains. Strain ET401 didn’t show significant growth until pH 6.6, but 
similarly had a dramatic spike in growth. While ET401 didn’t show any significant growth at pH 
6.4, it achieved growth of approximately 1.02 X 109 CFU/ml at pH 6.6.  
 The middle pH also showed a fairly consistent growth pattern across all Australian 
strains. All strains except ET101 had peaks in their growth at pH 7.4. While strain ET00-3-20 did 
not achieve its maximum cell density at pH 7.4, but rather at pH 6.6, it still experienced a 
significant peak in growth at 7.4. Additionally, while strain ET101 did not experience a 
maximum in growth at pH 7.4, it did experience its maximum one pH point earlier, at pH 7.2. 
 The upper middle pH points displayed the most uniform growth patterns of any strain 
grouping, with all strains following a nearly identical pattern of slow decline. Strains ET00-3-20, 
ET00-7-1 and CB47 experienced this pattern at a higher cell density than ET101 and ET401. This 
pattern of uniformity began at approximately pH 7.6 and ending at approximately 9.6. The 
majority of the Australian strains reached their upper end within one point of each other. 
Specifically, strains ET00-3-20, ET00-7-1, and CB37 all ceased growing at pH 10.6. Strain ET401 
ceased growth one point earlier, at pH 10.4. Strain ET101 had the lowest endpoint of the 
Australian strains at pH 10.4.  
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 Several interesting patterns were displayed with the growth of different strains of V. 
fischeri along a pH gradient. Specifically, strains had much wider growing ranges than expected 
and often achieved maximums in growth at pH points lower than their typical environment. 
Additionally, strains showed more gradual and consistent decline at higher pH points 
contrasted with sharper more dramatic increases at low pH point. Strains also showed more 
uniformity in growth when viewed against strains from similar geographic regions, rather than 
the hosts with which they were associated. 
 
Luminescence vs pH  
While luminosity readings were taken for every sample in associated with optical density 
readings, the majority of the luminescence readings were zero or displayed dramatic 
inconsistencies. All raw bioluminescence data is contained within Appendix 2. These zero 
readings are due to the growth and luminescence properties of V. fischeri. Bioluminescence in 
V. fischeri depends on its current growth phase, becoming most prominent during the 
logarithmic phase of growth and dimming as it enters stationary phase and depletes sources of 
nutrition (Fuqua et al. 1994). Thus, due to the differential growth rates of the strains examined, 
many strains had entered stationary phase of growth by the 24 hour readings, and thus 
displayed a zero reading. Additionally, inconsistencies resulted from strains having different 
growth phases at different pH points. The figures below were obtained from the few strains 
that displayed fairly consistent and significant luminescence across the range of pH. The 
measured luminescence, in relative light units, was divided by the log of the optical density 
reading. This reading was then divided by the amount of media sampled, 1 mL in this case.  This 
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yields a luminescence value per cell, allowing us to examine how much light each cell is 
producing rather than simply the overall light output of the 1 mL of media. These results are 
represented graphically below.  
 
Strains ET00-3-20 and ET00-7-1 showed the most consistent luminescence across the 
range of pH growth. This data can be viewed in Appendix 2. When relative light units were fixed 
for optical density and volume, both of these strains displayed a peak in luminescence per cell 
at pH 9.8. This dramatic increase was preceded by a period of variation in luminescence, 
beginning around pH 8.4. Immediately following this peak, levels of luminescence dropped 
drastically, dipping into the negative for several pH points before returning to baseline  as the 
overall cell growth subsides.
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Figure 7: Select Euprymna Associated Luminescence 
 While not as consistent as the previously discussed ET00-3-20 and ET00-7-1, Euprymna 
associated strains ET401 and ET101 also experienced fairly consistent bioluminescence across 
the pH gradient. Similarly to strains ET00-3-20 and ET00-7-1, strain ET401 experienced a peak in 
bioluminescence per cell at pH 9.8. Strain ET101, however, did not experience this same peak at 
pH 9.8. Instead, ET101 experienced a smaller but significant peak in in bioluminescence per cell 
at pH 6.5. Both of the peaks were accompanied by a decline of luminescence per cell, as with 
the previously discussed ET00-7-1 and ET00-3-20. 
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Figure 8: Select Free-living/Fish Associated Luminescence 
 Of the free-living and fish associated strains, several strains exhibited fairly consistent 
levels of luminescence across the pH gradient. These strains are graphically displayed in above 
figure. Unlike the previously discussed Euprymna associated strains, the peaks in luminescence 
per cell occurred at the lower to middle pH points. Specifically, MJ101 exhibited a sharp peak at 
pH 7, followed by a rapid decline into the negative. This decline was then accompanied by a 
smaller peak at pH 7.6. Strain CG101 experienced a sharp peak at pH 7.8, which was preceded 
by an increased bioluminescence at pH 7.6. This peak was similarly followed by a rapid decline 
and return to base-level. CB37 exhibited luminescence across almost the entire pH range but 
exhibited few peaks in luminescence per cell. CB37 showed small peaks at pH points 7.6, 8.4, 
and 9.0. When compared to other strains, however, these peaks are almost unnoticeable.  
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Figure 9: Select Sepiola Associated Luminescence 
 Of the Sepiola associated strains, only SL518 exhibited bioluminescence at a fairly 
consistent range of pH points. Its pattern of bioluminescence very closely resembled the 
previously discussed patterns of the Euprymna associated strains. Similarly, strain SL518 
experienced a fairly consistent level of luminescence per cell across the pH gradient, with a 
dramatic peak at pH 9.8 As with the Euprymna associated strains, this peak in luminescence 
was followed by a dramatic decline back to the baseline luminescence exhibited before the 
peak. Overall, bioluminescence seemed to correspond more closely to the organism from which 
the strain was obtained. Specifically, the stains corresponding to squid hosts exhibited 
bioluminescence at higher pH points. On the contrary, the free-living and fish associated strains 
exhibited greater bioluminescence at more median pH points. However, a larger sample size 
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and more complete readings throughout growth phases is necessary to accurately investigate 
these pattern.  
  
 
DISCUSSION AND FUTURE DIRECTIONS 
 For the purposes of analysis of optical density, and thus cell growth, strains were 
grouped first by their host organism, (Sepiola, Euprymna, fish associated, or free-living). 
Following this, strains were also grouped by the geographic region from which they were 
obtained. The Sepiola associated strains were not regrouped, as they were all obtained from a 
similar region of France. Observation of the various groupings of these strains has allowed us to 
view various patterns of growth along a pH gradient and relate hypothesize the effects that 
these small environmental changes could have one overall strain distribution.  
 The first surprising finding of this experiment was the sheer breadth of the pH gradient 
along which V. fischeri were capable of growth. All strains showed a range far outside the 
variation they are experiencing in their natural environment, even when pH variation with 
depth is taken into account.  This finding seems to support the conclusion that continued ocean 
acidification would not have a largely negative affect on the oceanic abundance of V. fischeri. 
Additionally, we observed that, while the average pH of the ocean is currently sitting at 
approximately 8.1, none of the strains studied exhibited their maximum growth rate at this 
point. In fact, all strains exhibited their highest growth, measured in OD600 and correlating to 
colony forming units (CFU) per mL,  a pH point lower than that of the oceanic environment from 
which they were obtained. Specifically, most strains achieved maximum growth at or nearby pH 
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7.4, where the average pH of the ocean is approximately 8.1. This pattern was unexpected as, 
at a pH this low, fish and squid hosts would most likely be unable to survive, or have drastically 
decreased survival rates. This unexpected finding leads us to question why this pattern exists. Is 
this an intrinsic pattern of V. fischeri? Are V. fisheri strains currently being selected for low pH 
growth? Is this the result of ancient oceanic pH conditions? Further investigation by continuing 
to sample V. fischeri strains across many years could provide some insight to these questions.   
 While this data seems to suggest that continued ocean acidification would not 
negatively impact V. fischeri in its free-living phase, we cannot be sure of the effects it would 
have on symbiotic V. fischeri strains. While little research has been done on the tolerance of 
Euprymna and Sepiola squids to changes in pH, investigation of this could reveal changes in the 
mutualistic relationship. If the various V. fischeri hosts are even capable of tolerating this 
lowered pH, the higher growth rate of the V. fischeri could unbalance the mutualistic 
relationship. This unbalancing of symbiosis could potentially put a nutritional strain on the host 
and push the relationship to a more unbalanced symbiosis.  
When viewing the different groupings of strains, another interesting pattern was 
observed. The Australian and Japanese strains, showed much more uniform patterns of growth 
than organismal groupings. This data suggests that pH growth range of specific strains depends 
more on the environment from which they were obtained, rather than the organism with which 
they were associated. The figure below portrays changes in surface level pH since the industrial 
revolution, giving a potential explanation for the observed patterns.   
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Figure 10: Change in oceanic surface level pH since the industrial revolution (Jacquot, 2008). 
 As discussed in the data analysis section, the Japanese strains showed the smallest pH 
range. When we view the change in surface level pH in the waters surrounding Japan, we can 
see that they have experienced less change in pH than the other geographic regions sampled. 
Specifically, Japanese sea waters have undergone a change in pH within the range of 0 to -0.06. 
Australian species showed the next largest growth along the pH gradient, corresponding to the 
next largest change in surface level pH. While certain areas of Australian waters experienced 
comparable pH change to those of Japan, certain other areas have experienced a change in pH 
of up to -0.08 to -0.1. Finally, the Sepiola associated, or French strains, were obtained from a 
geographic region having experienced the greatest change in surface level pH. Much of the 
French region has experienced a decrease in surface level pH of -0.1 or more. Corresponding to 
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this greater level of ocean acidification, the French strains also exhibited the largest span of 
growth along the pH gradient. These findings contrast with previous research on abiotic factors, 
namely salinity. This research found that organismal association, rather than geographic 
location, corresponded more strongly to growth along a salinity gradient (Soto et al., 2009). 
Data from this project combined with previous research suggest that abiotic factors and 
symbiotic relations have complex interactions with V. fischeri growth patterns.  
 While patterns of cell density along the pH gradient seemed to correspond more to 
geographic location, patterns of luminescence seemed to correspond more closely to the 
associated organism. Specifically, squid associated strains showed a peak in luminescence per 
cell around pH 9.8, while fish associated, and free-living strains exhibited this peak at more 
acidic and neutral pH points. However, as luminescence relates so strongly to growth phase, 
this leads us to question whether strains were actually producing more light per cell at these 
varied pH points, or if these pH points simply caused a differential growth rate. The differential 
growth rate would thus lead to readings being taken at a different growth phase, and thus a 
different level of luminescence.  
 The patterns revealed in this study provide several areas for further study. One future 
study would involve investigation of pH tolerance in the host organisms. Another further area 
of research would be the construction of growth curves for growth along the pH gradient with 
sampling of luminescence at several points throughout the growth phase. This would allow us 
to answer the previously posed question of whether peaks in luminescence were truly due to 
changes in relative light units produced per cell, or simply due to the growth phases in which 
the readings were obtained. This second are of future study could have particularly important 
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implication in the squid-vibrio mutualistic relationship, as the squid rely on a specific cell 
density and luminescence to effectively camouflage themselves.  
Overall, this experiment shows confirms that small changes in pH levels can have drastic 
changes on overall cell growth and luminescence. These slight pH changes could lead to a 
different strain diversity, and thus different strains colonizing squid and fish hosts. This 
experiment reveals interesting patterns of growth and calls us to continue to question how 
changes in abiotic factors influence various organisms, as well the complexities of the symbiotic 
relationships in which they participate. 
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Appendix  
Table 2: Optical Density (OD600) at each pH for Euprymna associated strains  
 
 
 
 
 
Strains 4.6 4.8 5 5.2 5.4 5.6 6.8 6
ET401 0.0094 0.0012 0.0002 -0.00175 0.0066 0.015 0.0052 0.0088
ET101 -0.0028 0.0016 0.0034 0.0092 0.0144 0.005 0.0034 0.0022
ET00-3-20 0.0026 0.005 0.004 0.014 0.0148 0.019 0.0862 6.42
ET00-7-1 0.0024 0.0036 0.0026 0.017 0.015 0.0244 0.079 4.44
EB12 0.0094 0.003 0.0044 0.0024 0.0082 0.0026 0.006 0.001
ES114 0.0016 0.0014 -0.0038 0.0004 0.0232 0.0068 0.0034 0.012
EM17 -0.0042 0.0036 0.0052 0.0028 0.0042 0.007 0.0018 0.0254
Strains 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6
ET401 0.0174 0.0482 2.1 0.9 3.6 1.28 3.34 1.34
ET101 0.0154 1.1 4.24 1.6 3.3 3.808 1.74 1.854
ET00-3-20 3.04 3.8 8.14 6.96 5.66 8.82 9.32 5.342
ET00-7-1 2.963 4.08 4.08 5.34 5.98 8.38 8.64 5.15
EB12 0.004 0.0068 0.0075 0.3068 0.4225 2.18 2.28 0.036
ES114 0.0042 4.24 3.32 4.02 4.02 6.54 6.8 3.148
EM17 0.1168 3.88 1 1.1 2.2 3.52 2.74 3.24
Strains 7.8 8 8.2 8.4 8.6 8.8 9 9.2
ET401 1.39 1.714 1.922 1.5425 1.192 0.884 0.572 0.974
ET101 0.846 1.186 0.808 1.146 1.112 0.888 0.83 0.662
ET00-3-20 4.824 5.332 4.234 3.598 4.026 3.472 2.56 3.32
ET00-7-1 4.638 5.938 3.766 4.1 3.97 3.878 2.922 3.09
EB12 1.39 1.176 1.13 0.89 0.894 0.894 1.162 1.156
ES114 3.616 3.3 2.68 2.844 3.236 2.36 1.99 1.712
EM17 1.068 1.13 1.38 1.112 0.927 1.006 1.2 0.714
Strains 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8
ET401 1.01 2.036 2.328 2.268 0.3634 0.0028 0.0008 -0.003
ET101 0.51 0.826 0.0048 0 0.0094 0.0022 -0.0006 -0.001
ET00-3-20 2.738 3.404 2.208 2.89 0.7878 0.9024 0.0218 0.0004
ET00-7-1 2.388 2.71 2.494 0.365 0.962 0.7142 0.0242 -0.0054
EB12 1.028 1.578 0.0018 -0.001 0.0016 -0.0024 0.0012 0.001
ES114 1.698 1.992 1.7 1.88 0.0014 0.0024 -0.0002 -0.0002
EM17 0.424 1.23 1.564 1.958 0.0066 0.0014 0.0004 0.001
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Table 3: Optical Density at each pH of Sepiola Associated Strains 
 
 
 
 
 
Strains 4.6 4.8 5 5.2 5.4 5.6 5.8 6
MDR7 0.01 0.0026 -0.0028 0.0002 0.0034 0.0104 0.001 0.0334
WH1 0.0024 0.00175 0.0048 0.0116 0.0074 0.0066 0.004 0.0178
CB37 0.004 -0.0008 0.0152 0.0068 0.0156 0.0174 0.0356 6.68
ATCC 7744 0.01 0.0024 -0.0036 0.1 0.012 0.0058 0.0048 0.0124
CG101 0.0094 0.0028 0.00575 0.0006 0.0032 0.0498 -0.0068 0.3034
MJ101 0.00925 0.0016 0.0064 0.006 0.0062 0.0012 0.0086 0.0132
MJ1 0.00271 0.00262 -0.0032 0.0022 0.0202 0.01 0.0078 0.0242
Strains 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6
MDR7 0.1814 2.56 1.4 4.08 2 3.26 3.38 2.056
WH1 0.0142 3.3 3.38 0.068 5.14 5.92 6.66 2.948
CB37 5.62 9 11.64 9.22 10.7 10.22 11.16 6.808
ATCC 7744 0.0084 1.92 1.48 1.26 1.94 1.24 3 1.3
CG101 0.3044 0.006 0.0148 0.0072 0.0378 0.0258 2.08 2.4167
MJ101 0.0696 0.0084 0.023 0.18 2 0.4212 1.92 1.756
MJ1 0.059 3.16 5.92 3.76 4.8 5.68 6.36 6.36
Strains 7.8 8 8.2 8.4 8.6 8.8 9 9.2
MDR7 1.536 1.48 1.344 1.16 1.138 1.036 0.856 0.844
WH1 1.916 1.464 2.432 2.93 1.66 0.88 0.914 1.318
CB37 6.376 7.168 5.29 4.348 5.472 4.656 4.04 3.314
ATCC 7744 0.99 1.402 1.626 1.928 1.094 0.892 0.614 0.59
CG101 1.068 1.398 0.598 0.716 0.795 0.376 0.888 0.794
MJ101 1.67 0.972 0.912 0.854 0.834 0.434 0.088 0.666
MJ1 2.72 3.77 2.496 2.492 3.024 2.854 1.968 2.076
Strains 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8
MDR7 0.99 0.864 1.408 1.515 0.004 -0.0022 0.0054 -0.002
WH1 1.12 1.57 0.0034 0.0002 0.004 0.005 -0.0006 -0.0015
CB37 3.236 3.39 2.244 1.49 0.806 0.7378 0.0136 0.0034
ATCC 7744 0.65 0.726 0.94 0.432 0.0064 0.0004 0.0004 -0.0002
CG101 0.236 0.164 0.0064 0.0072 0.0078 -0.002 -0.0002 -0.001
MJ101 0.62 0.464 0.003 0.0024 0.0046 0.0002 0.0004 -0.0004
MJ1 1.92 1.822 0.023 0.0016 0.0068 -0.0004 0.0006 0.0016
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Table 4: OD vs pH of Sepiola associated strains  
 
 
 
 
  
Table 5: luminescence of Euprymna associated strains 
 
Strains 4.6 4.8 5 5.2 5.4 5.6 5.8 6
SR5 0.0092 0.0012 0.0064 0.0016 0.0056 0.0024 0.0024 0.0018
SAIG 0.0106 0.0026 0.0006 0.0094 0.0042 0.0106 0.0044 0.0114
SI1D 0.0102 0.0296 0.0452 0.276 0.5152 0.328 0.176 2.3
SL518 -0.002 -0.0014 0.004 0.003 0.00714 0.0044 0.0028 0.0108
Strains 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6
SR5 0.005 0.0092 0.0114 0.0046 0.0182 0.0152 0.0064 0.266
SAIG 0.0972 4.36 3.08 0.7 3.2 2.98 2.58 2.44
SI1D 4.56 4.42 5.24 5.44 4.98 6.74 7.68 3.804
SL518 0.0034 0.0036 0.01808 1.14 1.022 2.44 2.26 2.24
Strains 7.8 8 8.2 8.4 8.6 8.8 9 9.2
SR5 0.1474 0.0162 1.204 1.502 1.58 1.58 1.182 1.156
SAIG 1.288 1.646 0.928 1.266 1.056 1.14 0.596 0.798
SI1D 4.248 4.586 3.878 3.176 2.836 2.97 2.852 2.536
SL518 0.972 0.716 0.758 0.488 0.718 0.568 0.418 0.49
Strains 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8
SR5 1.028 0.93 -0.0002 0.0042 0.0078 -0.0024 0 0.0004
SAIG 0.594 0.822 1.09 0.6394 0.004 0.0028 -0.0004 -0.001
SI1D 0.748 0.7164 0.0001 0.0006 0.0046 0.0004 0.0008 0.0006
SL518 0.584 0.604 1.19 1.384 0.0024 -0.003 -0.0006 -0.0006
Strains 4.6 4.8 5 5.2 5.4 5.6 5.8 6
ET401 234.2 196 204.6 220 183.2 279.6 374.6 31085
ET101 316.2 196.8 259.2 401 1006.2 370.4 663.6 8734.4
ET00-3-20 250.2 261 216.8 1125.75 772 6404.8 1445.4 35796
ET00-7-1 768 248.2 232.4 678 371.6 5486.4 1588 43770.2
EB12 231 254.6 205.4 193.8 360.2 328.4 636 1143.6
ES114 202.8 387 251 218 185.8 2020.6 281 261.2
EM17 325.2 260.6 270.2 185.8 262.4 321.4 335 47076.6
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Table 6: Luminescence of Sepiola associated strains 
 
 
Strains 6.2 6.4 6.6 6.8 7 7.2 7,4 7.6
ET401 101801.6 13281 55940 368.2 376.6 306.4 277.4 286.8
ET101 13860.4 61504.8 390.6 458.8 369.2 3093.4 899.8 283.6
ET00-3-20 13819.2 32430.4 4690.8 1487.6 3380.83 847.8 3888.6 17659.6
ET00-7-1 8019 24179 6440.6 3989.8 3591 18759.8 7208.4 13232.2
EB12 15479 15493.2 63940.4 500939.8 572792.6 2872260.2 353.6 1154
ES114 278.8 999.4 999.4 464.8 380.2 414.2 469 427.6
EM17 45702 385.8 288.8 289.4 312.8 315.6 241.8 491.2
Strains 7.8 8 8.2 8.4 8.6 8.8 9 9.2
ET401 364 255.2 446.6 192 178.6 220 279.2 246.4
ET101 299 247.8 1166 211.8 292 243.6 360.2 305
ET00-3-20 4263 11938.8 9999.6 5704.2 44964 31994.4 38882.4 3432.8
ET00-7-1 12596.4 18592 7941.2 5094.8 183143.3 17444.2 93019.4 8490.2
EB12 313.6 261.6 242.2 201.4 341.6 341.6 312.6 350
ES114 316 312.2 268.2 279 274.2 402.4 411.6 355.2
EM17 269.8 293.6 205.8 222.8 442.2 259.4 686.4 264.2
Strains 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8
ET401 414.6 579.2 2792560.4 346445.2 7896.8 292.2 287 320
ET101 246.8 234.4 246.6 279.2 551.8 305 371 394.4
ET00-3-20 242625.6 139699.4 861079.8 293665.4 7799.2 7364.2 310.8 320
ET00-7-1 132983 143115.8 472261.2 374697.4 5239.4 470 355.8 276.6
EB12 411.4 512.2 263.4 259.4 320.2 282.6 342.5 317.2
ES114 305.4 352.8 498.8 989.4 320.2 402.8 364.5 348
EM17 251.2 1019.4 2920 4968.2 1754.8 296.4 372.2 364
Strains 4.6 4.8 5 5.2 5.4 5.6 5.8 6
SR5 260.2 302.8 377.2 186.8 399.4 363.6 356.8 9315.2
SAIG 246.6 239.8 365.8 7909 192.6 420.4 229.4 118764.6
SI1D 246.2 286 272.4 2906 185.4 272.8 389.8 250.6
SL518 292 209.2 275.8 232.8 223.8 233.6 5323.3 4555.8
Strains 6.2 6.4 6.6 6.8 7 7.2 7,4 7.6
SR5 271.6 653.4 7692.6 726432.4 1094502.2 249025 4300304.6 144284299
SAIG 507675.8 8882.8 246.4 306 365.8 291.2 320.6 559.4
SI1D 264.6 653.4 7692.6 389 641 277.6 469.8 288.8
SL518 126732.2 43718.4 2063.18 1238.2 177 296.4 263.2 334.8
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Table 7: Luminescence of Fish associated and Free-living strains 
 
 
 
Strains 7.8 8 8.2 8.4 8.6 8.8 9 9.2
SR5 5926943.2 3645456.4 250033.8 143160.6 81647741.6 81647741.6 104955279 46324364.8
SAIG 360.3 253 271.6 372.4 201.8 205.8 286 291.4
SI1D 347 191.2 196.8 215.4 215.6 200.4 260.4 323.6
SL518 254.4 188.6 195.8 240.6 246.6 252.2 259 363
Strains 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8
SR5 1471199.6 372837.2 265.8 267.4 105624.2 1152.5 283.6 295.6
SAIG 240.6 588.2 39692300 6992792.8 360 301.2 470.8 372.4
SI1D 217.2 237 322.6 261 300.2 279.6 383.2 350
SL518 557.4 2072.8 48717036 4586437.6 6648.2 301.4 359.6 344.2
Column1 4.6 4.8 5 5.2 5.4 5.6 5.8 6
MDR7 198.2 233.6 237 10616.2 329.6 16093.4 38896.2 1116101.2
WH1 233.3 235.2 258.2 258.2 396.8 2267.2 5553 342452.4
CB37 249.6 235.2 294.4 2300.8 9722.8 56416.2 19688.4 16549302
VF7744 231.4 227.3 298 5822.2 362.6 360.6 374.6 630637.8
CG101 239 198 264.25 275.2 195 269.6 296.4 8940
MJ101 281.2 204.6 240 681.6 409.4 1842.4 560.4 31085
MJ1 304.4 272 404 237.2 217.8 298.8 276 311.8
Strains 6.2 6.4 6.6 6.8 7 7.2 7,4 7.6
MDR7 90837156 16580.9 798.2 352.6 324.4 294.4 479.4 342.2
WH1 644741.5 100277078 3573 2754809.7 295.4 14631336 3119539.2 435.8
CB37 8317032.8 21635998 17155362 1238.2 17967568 11976608.4 10205390.6 51983647.4
VF7744 179788.6 439042.8 272.2 322.8 310 294.2 240.6 271.4
CG101 116349.6 299.2 5838.8 252070 393096.6 1298724.2 15282.4 232012806
MJ101 87843.2 122384.4 132196.2 2902384.8 241237405 194238906 257 54599739.6
MJ1 1090.8 351.4 364.4 341.2 351.4 334.75 396.6 331.4
Strains 7.8 8 8.2 8.4 8.6 8.8 9 9.2
MDR7 291.2 287.6 221.6 224.2 242.8 279.6 356.6 352.6
WH1 269.8 497.4 265419.8 12854 751.4 307 379.2 555.4
CB37 13861619.4 29790193.2 18363875.4 29250696.2 15750351.6 7053132.4 21306961 10927704
VF7744 335 282.4 186577.6 420390 269.4 274.4 267.2 302.8
CG101 53926680.8 2243.3 238 226.8 207.2 218.6 232.4 714.6
MJ101 426.2 190.2 224.8 203.6 204.8 212.2 224.2 269.4
MJ1 447.6 521.6 235.2 228 266.4 302 291.4 657.2
	Jones		
 17 
  
 
 
 
 
Strains 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8
MDR7 8617.2 29047.6 526694304 376084520 298.6 309.4 364.8 373.8
WH1 459664.8 23921503 271 285.2 291.8 299 388.8 369.2
CB37 13518440.4 7059321.6 6442286 881228.6 917996 7205.6 576.4 398.4
VF7744 671.4 734.3 47005270.4 22340603 297.8 289.4 376.8 363.2
CG101 21325.8 4309190.6 342.2 269.6 6494 285.8 302.4 358.8
MJ101 224.4 273.6 11258.2 404.6 315.4 299 368.6 316.8
MJ1 439.2 533 1415.2 280.8 334.4 443.6 314.2 371
